are not rare in transcriptomic datasets ( [5] and unpublished results) and should be systematically verified and discarded. More problematically, most (55 out of 101) correspond to cross-contaminations among the
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Knowing the closest relatives of land plants is key to understanding the complex adaptations to terrestrial life. Unfortunately, multi-gene analyses have yielded highly incongruent results, suggesting, for instance, Charales [1] , Zygnematales [2, 3] , or Coleochaete [4] as the sister-group of land plants. Such controversy may result from the real history of life, in particular closely spaced speciation events, incomplete lineage sorting, gene duplication or horizontal gene transfer. In such cases, the solution resides in improved taxon sampling and sophisticated models of evolution [5] . However, we will show that the quality of data used to infer the phylogeny may also play a major role. In particular, the inclusion of contaminant sequences from other species, and of genes with incomplete taxon sampling explains a large part of the discrepancies observed between various studies [2] [3] [4] . The use of a carefully checked and almost complete dataset suggests that land plants are closely related to a group composed of Zygnematales and Coleochaetales.
A recent study by Finet et al. [4] , on the basis of 77 ribosomal proteins, suggested that the genus Coleochaete was the sister-group of land plants ( Figure 1A) . However, the monophyly of both Coleochaetales and Zygnematales was rejected with high statistical support ( Figure 1A ). In contrast, the monophyly of each is strongly supported by both morphology [6] and other molecular data [1, 7] . To understand this conundrum, we carefully analysed individual gene alignments and corresponding phylogenies used by Finet et al. [4] , and yielded to the removal of 99 sequences (because in 25 cases it was not possible to determine which is the correct sequence); consequently, the dataset used in (B) differs from the one used in (A ) only by the removal of 99 sequences. The tree (C) was inferred using the CATGTR+G model from a dataset (40 taxa, 119 genes, 22,360 unambiguously aligned amino-acid positions, 11.8% of missing data; alignments have been deposited in the Dryad repository: http://dx.doi.org/10.5061/dryad.hb5b0), which was carefully assembled to minimize contamination and non-orthology and to reduce the level of missing data. 66 of the 77 ribosomal proteins used by Finet et al. [4] were included in the 119 genes dataset. The statistical support was estimated through (i) 100 jackknife replicates (66% of proteins randomly retained) using the CATGTR+G model and (ii) 100 bootstrap replicates using the GTR+G model. A dot indicates maximal support. The scale bar indicates the expected number of substitutions per site.
are from the zygnematalean Penium. These contaminations are unexpected because the authors [4] state that they used a congruence protocol looking for bipartitions incongruent with the concatenated tree and supported by a bootstrap support higher than 70%. We applied this protocol and detected 74 of the 101 contaminations, and most of the cross-contaminations (50 out of 55; see Supplementary Information for details). The dataset without these 74 contaminations yields a phylogenetic tree ( Figure 1B and Figure S1B ) different from the one of Finet and co-workers [4] Figure 1A,B) . Notwithstanding the contamination issue, the origin of land plants remains a difficult question, as evidenced by the limited support for its sister group relationship ( Figure 1B and [1-4] ). This is likely due to ancient short internal branches that contain a small amount of phylogenetic signal. To address such questions with a multi-gene approach requires using a large number of orthologous genes (so as to provide a large amount of raw phylogenetic signal), a dense taxon sampling and appropriately complex models of evolution (in order to accurately extract the phylogenetic signal) [5] . We carefully assembled a dataset of 164 orthologous genes from 40 species and used the complex site-heterogeneous CATGTR+G model [8] that provides the best fit (see Supplementary Information for details). Since corroboration between independent datasets is key to solving difficult questions, we split our dataset into two concatenations of (i) ribosomal proteins (11,571 positions) and (ii) non-ribosomal proteins (31,729 positions). The two trees ( Figure S2A,B) are almost identical except for the poorly supported relationships within angiosperms, ferns and gymnosperms and, more importantly, with respect to the sister-group of land plants: Coleochaetales+Zygnematales for the ribosomal proteins and Zygnematales for the non-ribosomal proteins.
This analysis confirms that the morphologically complex Charales are not the closest relatives of land plants [2, 3] , but that the precise position of land plants is definitely difficult to recover.
The incongruence between ribosomal and non-ribosomal proteins, being limited to short branches, is likely due to subtle differences, and not to an intrinsically different phylogenetic history. With primary data coming mainly from transcriptome sequencing, the ribosomal protein dataset is expected to be more complete, because of their high level of expression. Accordingly, the fraction of missing data is only 4.7% in the ribosomal dataset, but 24.1% in the non-ribosomal one. The incompleteness of a matrix reduces the effective number of taxa at a given position, thereby reducing the efficiency to detect multiple substitutions (unpublished results), hence causing inference artefacts. We therefore discarded the positions that were the most incomplete for the key taxa (see Supplemental Information for details) removing 1,538 and 19,402 positions for the ribosomal and non-ribosomal datasets, respectively. Interestingly, the two datasets ( Figure S1C ,D) were now congruent and recovered both Coleochaetales+Zyg-nematales as the sister-group of land plants (although they differ in some poorly supported relationships among angiosperms and gymnosperms). The position of Zygnematales as the closest relatives of land plants is therefore likely an artefact created by the large amount of missing data in the non-ribosomal dataset, although we cannot exclude the possibility that this is due to a different gene sampling.
We combined the ribosomal and non-ribosomal datasets with the least amount of missing data, inferred the phylogeny with the best fitting siteheterogeneous CATGTR+G model and evaluated the robustness with jackknife ( Figure 1C ). All well-recognized groups, including Coleochaetales and Zygnematales, received maximal support. Interestingly, Mesostigma and Chlorokybus were sister-groups with a jackknife support (JS) of 87%, in agreement with plastid-based phylogenies [3] . Land plants+Col eochaetales+Zygnematales were monophyletic with maximal support and displayed a relatively long stem branch, confidently rejecting the long-standing hypothesis that land plants are closely related to the morphologically complex Charales. Finally, Zygnematales were more closely related to Coleochaetales than to land plants (JS = 88%). This topology should be viewed as the best working hypothesis and evaluated with a denser sampling of charophytes and deep-branching land plants, and with a more accurate model of evolution, for instance accounting for incomplete lineage sorting [9] or heteropecilly (e.g., heterogeneity of the substitution process over time) [10] . In conclusion, our study demonstrates that contaminations and missing data may strongly bias the inference of phylogenomic trees but confirms the power and the limits of phylogenomics when adequately applied to address difficult phylogenetic questions.
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